A simple process to tune wettability of pectin-modified silanized glass by Nascimento, Jonatas U. et al.
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
King’s Research Portal 
 
DOI:
10.1016/j.colsurfa.2019.05.056
Document Version
Peer reviewed version
Link to publication record in King's Research Portal
Citation for published version (APA):
Nascimento, J. U., Zambuzi, G. C., Ferreira, J. O. F., Paula, J. H., Ribeiro, T. S., Souza, A. L., ... Francisco, K.
R. (2019). A simple process to tune wettability of pectin-modified silanized glass. COLLOIDS AND SURFACES
A PHYSICOCHEMICAL AND ENGINEERING ASPECTS, 577, 67-74.
https://doi.org/10.1016/j.colsurfa.2019.05.056
Citing this paper
Please note that where the full-text provided on King's Research Portal is the Author Accepted Manuscript or Post-Print version this may
differ from the final Published version. If citing, it is advised that you check and use the publisher's definitive version for pagination,
volume/issue, and date of publication details. And where the final published version is provided on the Research Portal, if citing you are
again advised to check the publisher's website for any subsequent corrections.
General rights
Copyright and moral rights for the publications made accessible in the Research Portal are retained by the authors and/or other copyright
owners and it is a condition of accessing publications that users recognize and abide by the legal requirements associated with these rights.
•Users may download and print one copy of any publication from the Research Portal for the purpose of private study or research.
•You may not further distribute the material or use it for any profit-making activity or commercial gain
•You may freely distribute the URL identifying the publication in the Research Portal
Take down policy
If you believe that this document breaches copyright please contact librarypure@kcl.ac.uk providing details, and we will remove access to
the work immediately and investigate your claim.
Download date: 10. Jul. 2020
1 
 
A SIMPLE PROCESS TO TUNE WETTABILITY OF PECTIN-MODIFIED 1 
SILANIZED GLASS 2 
 3 
 4 
 5 
Jonatas U. Nascimento1, Giovana C. Zambuzi1, João O. Ferreira1, Julia H. Paula1, 6 
Tatiana S. Ribeiro1, Adriano L. Souza1, Cécile A. Dreiss2, Lucimara L. Silva3, Kelly R. 7 
Francisco1,* 8 
 9 
 10 
 11 
1 Department of Natural Science, Mathematics and Education, Federal University of São 12 
Carlos – UFSCar, Rodovia Anhanguera km 174. CEP: 13604-900. Araras - SP, Brazil. 13 
2 King’s College London, Institute of Pharmaceutical Science, Franklin-Wilkins 14 
Building, 150 Stamford Street, SE1 9NH, London, UK. 15 
3 Chemical Engineering Course, Federal Technological University of Paraná - UTFPR, 16 
Estrada dos Pioneiros, 3131 - Jardim Morumbi. CEP: 86036-370. Londrina - PR, Brazil. 17 
 18 
 19 
 20 
 21 
 22 
* corresponding author. E-mail: kfrancisco@ufscar.br 23 
 24 
 25 
 26 
 27 
 28 
 29 
 30 
 31 
 32 
 33 
2 
 
Abstract 34 
Layer-by-layer (LbL) techniques are strategically important to obtain highly organized 35 
and oriented materials. Understanding film formation and nanoscale structures at the 36 
interface is important for many biological, industrial and technological processes. We 37 
describe a LbL film formed from a silanized glass surface coated with high-methoxyl 38 
pectin. The chemical composition of the surfaces was characterized by X-ray 39 
photoelectron spectroscopy (XPS); surface topology and chemistry were analyzed by 40 
Atomic Force Microscopy coupled with Infrared Spectroscopy (AFM-IR). Varying pH 41 
and concentration of the casting pectin solutions results in surfaces with different 42 
wettability, measured by contact angle. At high pH, pectin chains are highly charged, 43 
resulting in chain repulsions, poor coverage and low wettability due to exposure of the 44 
silane chains. At higher concentration, chains extend from the surface and wettability 45 
increases. This work establishes a facile route towards value-added materials from 46 
pectin, establishing clear links between wettability, nanostructure and composition at 47 
the interface. 48 
 49 
Keywords: pectin, silanized glass, pH, layer-by-layer, wettability 50 
 51 
1. Introduction 52 
Self-assembled monolayers (SAMs) and layer-by-layer (LbL) techniques 53 
provide organized thin films by adsorption of negative and positive electrolytes from a 54 
solution, forming alternative layers at a solid interface, producing uniform and stable 55 
coatings with very high surface coverage, controlled layer thickness, and minimizing 56 
nonspecific adsorption [1-4]. The development of robust methodologies for such 57 
coatings is extremely important for a myriad of applications [5-7], for instance as 58 
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sensors [8], medical implants [9] and cell transplantation therapy [10], lubrication [11], 59 
corrosion inhibition [12], surface patterning in photoresists [13], or the prevention of 60 
nonspecific adsorption and biofouling, and for the formulation of nanoparticulate 61 
systems with controlled encapsulation [14] and release properties [15]. 62 
Surface modification techniques have become a significant focus of materials 63 
research as they can transform inexpensive substrates into high added value functional 64 
products. Through them it is also possible to modify the wettability of a surface by 65 
transforming it, for example, from a superhydrophilic surface to a superhydrophobic 66 
one [16]. Polysaccharides are an attractive option to form films and coatings [17]; they 67 
are renewable, widely available, low-cost and can have their functional groups 68 
modified. They can be adsorbed or covalently anchored to surfaces, modifying them in 69 
a simple and versatile way [18-20], to improve adhesion [21], wettability [22], 70 
tribological behavior [11] or water and chemical resistance. In this context, the use of 71 
biopolymers in the production of films has gained prominence. Pectin, a high molecular 72 
weight polysaccharide, is the main component of plant cell walls, usually extracted 73 
from apple and citrus peels, with 10-15% and 20-30% in dry basis, respectively [15], is 74 
an attractive candidate in the development of these technologies as it cheap, widely 75 
available and eco-friendly. It is composed of three main polysaccharide domains: 76 
homoga-lacturonan (HG) - a linear polymer of α-D-galacturonic acid and its methyl 77 
esterified counterpart -, ramnogalacturonan I (RGI) and ramnogalacturonan II (RGII). 78 
The carboxyl groups of the galaturonic acid units can be esterified with methanol, or 79 
partially acetyl-esterified. Depending on the extent of esterification, pectin is classified 80 
as high methoxyl pectin (> 50% esterified carboxyl groups) or low methoxyl pectin (< 81 
50% esterified carboxyl groups). Pectins are acid and water soluble, and mainly used as 82 
thickeners, gelling agents in jams and fruit juices, and stabilizers in dairy products [23]. 83 
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Pectin has also shown potential in tissue engineering applications, by modulating the 84 
adhesion and activity of different cell types [24]; as a biodegradable, green alternative to 85 
traditional food packaging in films [25]; in nanofibrous mats for antibacterial 86 
applications [26] or in controlled release formulations, such as solid lipid nanoparticles 87 
[15]. However, the formation of pectin films using LbL technique is scarce in the 88 
literature, which has prompted the current study.  Due to the presence of carboxyl 89 
groups, an increase in pH causes the pectin to become highly charged, adversely 90 
affecting its interaction and adsorption as a result of the strong electrostatic repulsions. 91 
However, we hypothesize that this may also have an impact on the wettability of 92 
surfaces modified by the polymer, and thus provide a facile route towards tunability.   93 
In this work, multilayer films based on negatively charged pectin adsorbed on 94 
silanized glass were prepared and characterized. The physico-chemical properties of the 95 
silanized glass surfaces coated with pectin, including their chemical composition, 96 
morphology and wettability, were studied by a range of techniques: zeta potential, 97 
infrared spectroscopy (IR), atomic force microscopy (AFM), X-ray photoelectron 98 
spectroscopy (XPS) and measurement of contact angle, for pectin solutions prepared at 99 
three different pH (4, 7 and 10) and at 1, 2 and 3% w/w. We demonstrate that the 100 
different conditions used allow the manipulation of surface properties through pH and 101 
concentration, in particular wettability, which is sustained by a different extent of 102 
adsorption of the pectin chains, nanoscale morphologies and exposure of different 103 
chemical groups at the surface, which thus impact the hydrophilicity. These simply 104 
engineered films have potential as coatings, for instance for the development of 105 
biodegradable films in food packaging, a pressing environmental issue due to the 106 
accumulation of synthetic plastics resistant to degradation. 107 
 108 
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2. Experimental  109 
2.1. Materials 110 
Citrus pectin Genu® pectin type 105-RS from CP Kelco Brazil SA with degree of 111 
esterification (DE) of 69.7 % and HM-SAG grade USA-SAG of 148 was used 112 
throughout. Poly(dimethylsiloxane), bis (3-aminopropyl) terminated (Mn = 27,000 113 
g/mol), ethanol PA, NaOH and HCl were supplied by Sigma-Aldrich. All chemicals 114 
were used as received and Milli-Q deionized water (resistivity: 18 MΩ cm) was used in 115 
all aqueous systems. Glass slides (3.0 cm × 1.0 cm) were acquired from Precision Glass 116 
Line and they were covered with a chrome layer of 20 nm followed by a 100 nm gold 117 
layer deposition using the conventional lithography technique for AFM-IR analysis. 118 
 119 
2.2. Sample preparation 120 
2.2.1. Solutions preparation 121 
Solutions containing 1%, 2% and 3% (w/w) of citrus pectin were prepared at different 122 
pH by adding small amounts of NaOH or HCl 0.1 M (4, 7 and 10). Solutions were 123 
stirred for 3h and sonicated for 30 minutes using an ultrasonic bath (Ultronique, model 124 
Q3.8/40A) at room temperature in order to solubilize the pectin chains. Solutions of 125 
poly(dimethylsiloxane), bis (3-aminopropyl) terminated (PDMS) were prepared using 126 
15 μL of PDMS and 50 mL of ethanol PA. Solutions of pectin were made by weight, 127 
and the percentages are expressed in % w/w, unless stated otherwise.  128 
 129 
2.2.2. Layer-by-layer deposition of silane and pectin on glass surfaces 130 
Glass slides (3 cm × 1 cm) with or without gold were used as substrates. Prior to silane 131 
and pectin deposition, glass slides were immersed in various solvents in order to clean 132 
their surface in an ultrasonic bath for 20 minutes, in the following order: water, acetone 133 
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and ethanol. Thin films of macromolecules on the glass surfaces were prepared by using 134 
a dip-coater (ND-R Rotatory Dip Coater, Nadetech Innovations). The layer-by-layer 135 
deposition of the polymer was performed as follows: 136 
i. The glass slides (with or without gold) were immersed at 150 mm/min in PDMS 137 
solutions for 150 seconds. Then, they were removed and left to dry in the air at 138 
room temperature for 30 seconds; 139 
ii. The silanized glass slides were submerged at 150 mm/min in a solution of pectin 140 
for 150 seconds. They were then removed and kept in the air for 30 seconds to 141 
dry; 142 
iii.  In order to remove the excess of pectin on the silanized glass surfaces, slides 143 
were immersed at 150 mm/min in MilliQ water for 30 seconds. They were then 144 
removed and left to dry for 30 seconds.  145 
 146 
2.3. Methods 147 
2.3.1. Zeta Potential 148 
The zeta potential of pectin solutions was measured at room temperature using a 149 
Zetasizer Nano-ZS analyzer (Malvern Instruments, UK).  150 
 151 
2.3.2. Fourier transform Infrared (FT-IR) 152 
The FT-IR spectra of pectin in the solid state was obtained with a Bruker FT-IR 153 
spectrometer, using KBr pellets. IR spectra of pectin films produced by casting the 154 
solutions at 50ºC were obtained in the ATR (attenuated total reflectance) mode, using a 155 
ZnSe window. The spectra were obtained by accumulating 128 scans within the spectral 156 
range of 500 to 4000 cm-1 with a resolution of 4 cm-1. 157 
 158 
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2.3.3. Atomic Force Microscopy (AFM) and Atomic Force Microscopy coupled with 159 
Infrared (AFM-IR) 160 
AFM-IR measurements of 3% pectin adsorbed on silanized glass surface at different pH 161 
were performed on a NanoIR2 system from Anasys Instruments. Samples were scanned 162 
in contact mode using a gold-plated silicon nitride probe (ContGB-G model, 163 
BudgetSensors) with the radius of curvature ˂ 25 nm, resonance frequency of 13 kHz 164 
and force constant of 0.2 N/m. IR spectra were obtained in the range of 1530-1850 cm-1 165 
with a wavelength resolution of 4 cm-1. All samples were prepared on a glass surface 166 
covered by gold as it increases the cantilever response to the expansion of the sample. 167 
AFM images were also obtained using a Park Systems Microscope, model NX-10 in a 168 
non-contact mode using a NanoWorld Si probe tip (FMR model), with the radius of 169 
curvature ˂ 12 nm, resonance frequency and force constant values of 75 kHz and 2.8 170 
N/m, respectively. All micrographs were acquired at room temperature at 20% relative 171 
humidity. Three different areas for each sample were scanned and the images were 172 
treated using Gwyddion software. 173 
 174 
2.3.4. X-ray Photoelectron Spectroscopy (XPS) 175 
Pectin adsorbed on silanized glass surfaces were analyzed by XPS (Thermo Scientific 176 
K-Alpha equipment) using the aluminum Kα line and a VG-CLAMP-2 electron 177 
hemispherical analyzer, with a resolution of 0.85 eV and spot size value of 400 μm. The 178 
atomic composition of the samples was calculated by integrating the peaks using 179 
Thermo Scientific™ Avantage™ software. 180 
 181 
2.3.5. Contact angle 182 
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Contact angles of 10 µL water droplets deposited on silane and pectin chains on glass 183 
surface were measured by the Young-Laplace method (sessile drop fitting) on Attension 184 
Theta Optical Tensiometer (Biolin Scientific). All measurements were made in 185 
duplicates from different glass surfaces and three different regions of each. Only the 186 
contact angle at the initial time (t = 0 s) was considered. 187 
 188 
3. Results and Discussion 189 
3.1. Zeta (ζ) Potential  190 
Zeta potential measurements on the pectin solutions show that, over the range of 191 
pH values studied, pectin solutions had a negative charge (Table 1). Pectin is a weak 192 
polyanion with a pKa of about 3.6, above which it is deprotonated [27] and presents a 193 
net negative electric charge. The low pKa value is due to galactoronic acid, a weak acid 194 
found in the pectin structure [28]. At low pH, the anionic character of pectin chains is 195 
reduced due to the protonation of the carboxylic groups [29]. 196 
 197 
Table 1. ζ-potentials of pectin solutions at different pH values and concentrations. 198 
Sample ζ-Potential / (mV) 
pH value 1%  2%  3%  
pH 4 - 29,7 ± 0.5 - 33,1 ± 2.6 - 31,4 ± 2.2 
pH 7 - 38,8 ± 0.2 - 44,1 ± 3.1 - 40,9 ± 3.5 
pH 10 - 38,0 ± 1.3 - 49,7 ± 4.4 - 48,1 ± 4.8 
 199 
Increasing the pH value from 4 to 10 results in an increase in the negative charge 200 
of the polysaccharide chains, and thus an increase in the charge density. As a result, the 201 
zeta potential becomes more negative and the electrostatic repulsions between the pectin 202 
chains reach a maximum, resulting in an optimized stability of the macromolecules. 203 
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Similar values of the zeta potential have been reported by Maciel et al. [30] at pH 4 and 204 
0.5% (ζ = −28.23 ± 1.30 mV) and by Freitas et al. [31] and Zhao et al. [32] at 0.01% (ζ 205 
~ −17.5 mV) and 0.05% (ζ = −12.80 ± 1.43 mV). 206 
 207 
FT-IR analysis of pectin samples 208 
The FT-IR spectra of the films formed by pectin solutions (3%) at pH values of 209 
4, 7 and 10 were measured in order to identify the chemical stability of the pectin chains 210 
as a function of pH (Fig. 1). 211 
 212 
Figure 1: Infrared spectra of pectin films formed by an aqueous solution at 3% (w/w) 213 
with pH values of: pH 4 (black line), pH 7 (red line) and pH 10 (green line).  214 
 215 
IR spectra of the pectin films presented a large band around 3400 cm-1 216 
associated with the stretching of hydroxyl groups due both to the pectin chemical 217 
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structure and hydration with water molecules. The weak band at approximately 2900 218 
cm-1 is associated to the C-H stretching. Bands around 1740 cm-1, 1625 cm-1 and 1440 219 
cm-1 are related to the stretching vibration of carboxylic groups (C=O ester), and the 220 
symmetric and asymmetric stretching of COO-, respectively. Bands at 1160-1010 cm-1 221 
are attributed to the C-O-C (ether) and rings C-C bonds of galacturonic acid [33]. IR 222 
spectra show no structural modification of pectin chains dried at different values of pH, 223 
in agreement with other studies [26, 34, 35]. 224 
 225 
AFM and AFM-IR images of thin film surfaces 226 
The topography of the bare glass and the gold-on-glass substrates used in this 227 
work are provided on the Supplementary Material (S. M. Figure 1). The silane chains on 228 
the glass surface (Fig. 2 a) comprises agglomerated polymeric chains and nanopores, 229 
randomly dispersed and leading to a rough surface, with root mean squared (rms) 230 
roughness of 1.3 nm and average value of 4.9 nm, respectively. The adsorption of pectin 231 
on these surfaces leads to different patterns, depending on the pH: at pH 4 (Fig. 2 b), 232 
smaller spherical particles and a smoother surface are obtained, compared to the pectin 233 
macromolecules adsorbed at higher pH (Fig. 2 c), where aggregates of a conical shape 234 
are visible. Rms and average values are 0.7 nm and 2.5 nm for pectin at low pH, and 2.0 235 
nm and 4.6 nm for the chains at pH 10, respectively. Other surface areas were 236 
investigated, and the list of the main Multi-measurement average results are shown on 237 
the Supplementary Material (S.M. Table 1). These results suggest that at low pH (pH 4) 238 
pectin chains form a more compact layer on the silanized glass surface in comparison to 239 
higher pH (pH 10). An excess of negative charge at high pH (Table 1), leading to 240 
repulsion between the chains, may be responsible for an expansion away from the 241 
surface, so then explaining the higher rms values obtained on this surface.  242 
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Silanized glass surface 
 (a) 
 
3% (w/w) pectin at pH 4 on silanized glass surface 
 (b) 
 
3% (w/w) pectin at pH 10 on silanized glass surface 
 (c) 
 
Figure 2: AFM 3D-micrographs of: (a) silane chains on glass and 3% pectin adsorbed 243 
on silanized glass surface at (b) pH 4 and (c) pH 10.  244 
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Figure 3 a, b, c and d shows AFM-IR topological micrographs (top left) and 245 
chemical surface maps (top right) scanned at 1660 cm-1 and 1744 cm-1 for the silane film 246 
and the pectin adsorbed on silanized glass surfaces, respectively. The IR spectra 247 
obtained over different areas on the surfaces are also shown (bottom), with spatial 248 
resolution ≤ 50 nm. 249 
 250 
(a) Silanized glass surface 
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(b) 3% (w/w) pectin at pH 4 on silanized glass surface 
 
(c) 3% (w/w) pectin at pH 7 on silanized glass surface 
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(d) 3% (w/w) pectin at pH 10 on silanized glass surface 
 
Figure 3: AFM-IR topography image (top left), AFM-IR chemical mapping (top right) 251 
and AFM-IR spectra in different regions (bottom) of: (a) silane chains on glass; 3% 252 
(w/w)  pectin on silanized glass surface at (b) pH 4, (c) pH 7 and (d) pH 10. 253 
 254 
The AFM images of the silane chains on the glass surface (Fig. 3 a) reveal micro 255 
and nanoaggregates homogeneously distributed on the surface, with rms and average 256 
value of 3.9 nm and 8.7 nm, respectively (Fig. 3 a, top left). The resulting chemical 257 
image (Fig. 3 a, top right) shows a surface homogeneously covered with an amplitude 258 
value approximately null for IR scanned at 1660 cm-1, suggesting that the amine groups 259 
of the silane interact mainly with Si-OH sites of the glass rather than with the air. 260 
Furthermore, IR spectra in the range 1530 - 1850 cm-1 taken at three different positions 261 
(Fig. 3 a, bottom) show no absorption peak, confirming that C-H groups are exposed to 262 
the air as expected for a hydrophobic surface [36-38]. 263 
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The topography images for silanized glass surfaces covered with pectin chains at 264 
different pH values (Fig. 3 b, c and d, top left) show rough surfaces with pores and 265 
polymeric aggregates, with rms values of 2.9 nm, 6.5 nm and 18.9 nm and average 266 
value of 6.9 nm, 13.5 nm and 33.3 nm at pH 4, 7 and 10, respectively. The chemical 267 
maps scanned at 1744 cm-1 (Fig. 3 b, c and d, top right) present a heterogenous 268 
distribution of the carboxylic groups (C=O ester). The surfaces covered with pectin at 269 
pH 4 present small agglomerates with C=O groups randomly distributed in an ester 270 
chemical environment. Pectin chains adsorbed at pH 7 display a more homogeneous 271 
surface, in which carboxylic groups are more in contact with the air in comparison with 272 
the lower pH. Surfaces covered with the biopolymer at pH 10 show the weakest signal 273 
from the carboxylic group absorption.  274 
The relation between the IR intensity areas of esterified (C=O stretching at 1744 275 
cm-1) and deprotonated symmetric (COO- stretching at 1612 cm-1) bands can be related 276 
to the degree of esterification (DE) in pectin chains [39-41]. Analysis of the IR spectra 277 
(Fig. 3 b, c and d, bottom) yield DE values of 50 %, 62 % and 35 % for pectin chains 278 
adsorbed on silanized glass at pH 4, 7 and 10, respectively. This result suggests that the 279 
ester groups are predominantly in contact with the air for the surfaces prepared with 280 
pectin at pH 7, while deprotonated groups of the pectin structure are exposed to air at 281 
pH 10.  282 
At lower pH, pectin chains have a lower negative charge density, and both C=O 283 
and COO- groups are randomly distributed at the surface. As the pH value increases, 284 
negative charge also increases, but, at pH 7, the results suggest that the charge due to 285 
COO- groups is mostly in the bulk while C=O is exposed to the air, in order to decrease 286 
the interfacial tension between the macromolecule layers and air. As the pH increases to 287 
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10, negative charge increases further, repulsions between chains are stronger and COO- 288 
groups are more exposed to the air. 289 
 290 
XPS analysis of the surfaces 291 
Representative low-resolution XPS spectra and chemical composition of the 292 
surfaces are shown in Fig. 4 and Table 2, respectively. The peaks of C1s, O1s, Si2p, 293 
N1s and Na1s are centered at a binding energy of 285, 532, 103, 400 and 1072 eV, 294 
respectively [42-44]. 295 
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Figure 4: XPS spectrum of a silanized glass surface covered with 1% pectin at pH 7. 297 
 298 
The formation of a pectin layer is confirmed by the change in Si/C ratio from 2.1 299 
for the silane on glass to values below 0.4 in the presence of pectin. The lowest amount 300 
of adsorption is obtained at pH 10, and at the lowest concentration of pectin studied (1 301 
%), probably due to the electrostatic repulsions between pectin chains at that pH and 302 
also between pectin and silane chains. At increasing concentrations of pectin, the Si 303 
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content decreases while the amount of C increases, demonstrating a better coverage 304 
with the biopolymer, which is optimum at the highest pectin concentration (3%) and pH 305 
4, where Si decreases from 10.3% to 0.5%. The slight increase in nitrogen on the 306 
surface after pectin adsorption may be attributed to residual proteins from the 307 
biopolymer extraction, as suggested by Gadenne et. al. [45]. 308 
 309 
Table 2: Atomic composition of polymeric chains on glass surfaces. 310 
1% (w/w) pectin on silanized glass 
 
Atom  
Atomic % 
Silanized 
Glass 
pH 4 pH 7 pH 10 
O 1s 50.1 32.6 36.9 27.8 
Si 2p 31.3 10.3 12.4 18.4 
C 1s 14.9 51.9 45.4 49.1 
N 1s 0.5 2.9 4.2 3.1 
Na 1s 1.3 1.3 1.7 0.7 
2% (w/w) pectin on silanized glass 
 
Atom  
Atomic % 
Silanized 
Glass 
pH 4 pH 7 pH 10 
O 1s 50.1 34.9 32.6 36.2 
Si 2p 31.3 3.4 4.1 4.7 
C 1s 14.9 56.3 58.1 53.2 
N 1s 0.5 3.7 4.0 4.0 
Na 1s 1.3 1.7 1.2 2.0 
3% (w/w) pectin on silanized glass 
 
Atom 
Atomic % 
Silanized 
Glass 
pH 4 pH 7 pH 10 
O 1s 50.1 34.0 34.0 30.9 
Si 2p 31.3 0.5 2.5 5.0 
C 1s 14.9 59.8 57.6 59.1 
N 1s 0.5 3.5 4.6 3.9 
Na 1s 1.3 1.7 1.4 1.2 
 311 
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The high-resolution C 1s spectra of the glass surfaces covered with layers of 312 
silane and pectin chains are shown in Fig. 5.  313 
 314 
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Figure 5: C1s core-level spectra of (a) silanized glass surface covered with 1% (w/w) 315 
pectin at (b) pH 4, (c) pH 7 and (d) pH 10. 316 
The C 1s core-level spectra of silane glass surfaces covered with 1% pectin can 317 
be fitted by a combination of five different peaks at 284.0, 284.5, 286.2, 287.8 and 318 
288.7 eV, attributed to the C-Si, C-C and C-H, C-O (or C-N), C=O and O-C=O species, 319 
in that order [46-48]. The C1s binding energies related to C-Si, C-C and C-H chemical 320 
environments were simplified by centering the peak at 285.0 eV, as shown in Table 3. 321 
The results indicate that the C-C (or C-H and C-Si) species at 285 eV for surfaces 322 
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covered with pectin at low concentration increase with an increase in pH, evidencing the 323 
lower adsorption of the biopolymer at pH 10, which thus results in a larger exposure of 324 
the silane macromolecules on the surface. 325 
 326 
Table 3: XPS C1s parameters of the polymeric films on the glass surface. 327 
1% (w/w) pectin 
 
Binding Energy (eV) 
Contribution (%) 
Silanized 
Glass 
pH 4 pH 7 pH 10 
285.0 (Si-C, C-C, C-H) 87.7 38.7 46.1 66.2 
286.2 (C-0) 7.7 38.4 39.9 20.4 
287.8 (C=O) Nd 22.9 14.0 13.4 
288.8 (O-C=O) 4.6 Nd Nd Nd 
2% (w/w) pectin 
 
Binding Energy (eV) 
Contribution (%) 
Silanized 
Glass 
pH 4 pH 7 pH 10 
285.0 (Si-C, C-C, C-H) 87.7 24.3 28.7 27.6 
286.2 (C-0) 7.7 53.5 46.2 37.0 
287.8 (C=O) Nd 18.7 25.0 9.8 
288.8 (O-C=O) 4.6 Nd Nd 7.04 
3% (w/w) pectin 
 
Binding Energy (eV) 
Contribution (%) 
Silanized 
Glass 
pH 4 pH 7 pH 10 
285.0 (Si-C, C-C, C-H) 87.7 29.3 36.6 29.0 
286.2 (C-0) 7.7 44.7 41.5 49.0 
287.8 (C=O) Nd 23.3 19.3 19.2 
288.8 (O-C=O) 4.6 Nd Nd Nd 
289.1 (O-C=O, O-C=N) Nd 2.7 2.6 2.8 
Nd - Not detectable 328 
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 329 
3.5. Contact angle 330 
At low concentration of pectin (1%), the contact angle for water droplets 331 
deposited on the surfaces coated with 1% pectin solutions were found to increase with 332 
pH (Figure 6). However, at increasing concentration of pectin (2% and 3%), this 333 
behavior changes. A relationship can be established between contact angle and the 334 
exposure of silane macromolecules on the surface, evidenced by C-C; C-H and C-Si 335 
species in XPS measurements (Table 3), linked to less hydrophilic surface and 336 
consequently, larger contact angles (Figure 6).  337 
 338 
 339 
Figure 6: Contact angles (solid squares) and C-C, C-H and C-Si XPS contributions 340 
(open squares) as a function of pH. 341 
 342 
Based on these results, Figure 7 schematically presents the silane and pectin 343 
chains on the glass surface as a function of pH for the two extreme concentrations, next 344 
to the measured contact angles. At 1% and pH 4 the partially charged pectin chains are 345 
strongly adsorbed on the silanized glass surface, as shown by XPS measurements. 346 
Therefore, the adsorption of pectin on the glass surface covered with silane is probably 347 
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attribute to pectin-silane hydrophobic interactions, resulting in the exposure of the 348 
hydrophilic groups to the air and, consequently, an overall hydrophilic surface at this 349 
pH value. At higher pH, the pectin chains are more negatively charged, and the contact 350 
angle is higher, pointing to a lower adsorption of pectin on the silanized glass. At these 351 
high pH values (7 and 10), the higher negative charge density results in stronger 352 
electrostatic repulsions between adjacent pectin chains, which, consequently, are likely 353 
to avoid contact with each other, leading to the exposure of patches of hydrophobic 354 
silane. 355 
 356 
Figure 7: Scheme of the pectin chains assembled on the silanized glass surface. 357 
 358 
The adsorption of the pectin chains on the glass surface at pH 4 at higher 359 
concentration (3%) is similar to the one obtained at 1%. At pH 7, the increase in contact 360 
angle is probably a consequence of the higher electrostatic repulsions between the 361 
chains and decreasing contact of COO- groups with air. Steric interactions could also be 362 
contributing to the results of the contact angle, since the chains are expanded relative to 363 
the chains at pH 4. As a result, chains do not overlap perfectly, leaving void spaces 364 
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filled with air, and imparting overall a hydrophobic character to this coating. When the 365 
pH is increased to 10, the contact angle drops, which is attributed to the high charge 366 
density, imparting a high hydrophilicity to the surface. The drop in contact angle 367 
between 3% and 1% at this pH can be explained by a better coverage of the chains on 368 
the glass surface, reducing exposure of hydrophobic patches. 369 
 370 
4. Conclusions 371 
In this work, silanized glass surfaces coated with negatively charged pectin films 372 
were prepared and characterized. Adsorption of pectin films is stronger at pH 4 373 
compared to pH 7 and 10, where the surface has a higher level of roughness, as revealed 374 
by AFM images. This simple process of modifying silanized surfaces, obtained by dip-375 
coating with solutions prepared over a range of pH and concentrations, leads to surfaces 376 
with a range of wettabilities (all measurements provided contact angle values below 377 
50, with a single exception of 64). Contact angle can be related to the results from 378 
XPS measurements, which gives the concentration of C-C, C-H and C-Si species at the 379 
surface, revealing the exposure of hydrophobic moieties. At low pH and with a 1% 380 
pectin solution, the adsorption of the polysaccharide is quite homogeneous, leading to a 381 
largely hydrophilic surface with contact angle of 31. At higher pH values (7 and 10), 382 
the pectin chains bear more negative charge, due to deprotonation of the COO- groups, 383 
resulting in stronger electrostatic repulsions between the chains. As a consequence, the 384 
chains are further apart from each other, leading to the exposure of hydrophobic patches 385 
on the surface. At higher concentration of pectin (2% and 3%), the better coverage of 386 
the surface induces, at the highest pH (pH 10), a higher hydrophilicity (and thus a lower 387 
contact angle), due to the high charge density. 388 
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This study thus demonstrates a facile route towards tuning the wettability of 389 
surfaces by layer-by-layer deposition of pectin by simply varying the pH and the 390 
concentration over a narrow range. All the surfaces obtained in this work were 391 
hydrophilic (with contact angles ranging from 31 to 64) and in future work we will 392 
endeavor to achieve hydrophobic surfaces with modification of the pectin chain itself or 393 
by using high-methoxyl pectin from other species. 394 
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